During exothermic reactions of atomic hydrogen or deuterium on a silver surface hot charge carriers are produced which have been observed by using Ag/ p-Si͑111͒ Schottky diodes. Thin film devices provide a means to bring a charge detector as close to the reaction site as the mean free path of the charge carriers. In the case of a p-doped substrate the Schottky barrier works as a high-pass energy filter for hot holes. The authors have therefore produced large area Schottky diodes with film thicknesses of up to 30 nm varying the thickness to rule out any influence of this device parameter. Those diodes were then exposed to beams of hydrogen atoms and deuterium atoms produced in a hot capillary source. Gas exposures do not affect the Schottky barrier height significantly. While exposing the samples to defined atom fluxes, the closed-loop current was monitored in real time. It shows that the current is proportional to the flux of atoms impinging on the surface. The authors have found hydrogen to generate 3.7 times more chemicurrent than is created during reactions with deuterium. Theoretical predictions of nonadiabatic energy dissipation using the electronic friction model agree well with the experimental results.
I. INTRODUCTION
The Born-Oppenheimer approximation has proven to be a successful tool to describe certain types of chemical reactions at surfaces.
1-3 However, as an adiabatic theory it does not account for experimentally observed electronic excitations in experiments like exoelectron emission or chemiluminescence. 4 Chemicurrents are another example and are in focus of this study.
5,6
The detection of electron-hole pair excitations by chemical reactions with thin film Schottky diodes has successfully been carried out for a number of gas-metal systems. 1, 5, 7 With the-compared to the usual metal work functions-low Schottky barrier ⌽ S , chemicurrents allow to detect electronic contributions to energy dissipation even for moderately energetic reactions. Figure 1 sketches the mechanism underlying the electron-hole pair detection. It shows the energy structure of a Schottky junction consisting of a thin ͑below 30 nm͒ Ag film on top of a p-Si substrate. In the case of a p-doped substrate, the conduction band minimum and the valence band minimum are bent downward relative to the bulk semiconductor. The Schottky barrier ⌽ S for the majority carriers ͑holes in this case͒ causes the rectifying character of the device. During a reaction event the hydrogen or deuterium atoms move inside their respective potential well and change the local electrical potential. The changing charge density in front of the Ag surface leads to the excitation of electron-hole pairs. In turn, a distribution D͑E͒ of energetic or hot holes is formed within the film as indicated by the grayscaled gradient. For sufficiently low film thicknesses the hot holes will ballistically flow through the metal without losing their kinetic energy. Scattering within the film can be expressed by an attenuation factor A͑E , d͒ as a function of film thickness d and the hot hole's initial energy E relative to the Fermi level E F . If this energy is higher than the dominating or homogeneous Schottky barrier ⌽ S the holes will cross the interface with some probability T͑E , ⌽ S ͒. Leads connected to the metal film as well as the semiconductor allow the measurement of these charges as a chemicurrent. This current is proportional to the chemicurrent efficiency which may be written as
D͑E͒A͑E͒T͑E͒dE. ͑1͒
So far chemicurrent experiments could not conclusively prove the existence of an isotope effect during the electronhole pair production process. It is predicted from theory that the higher vibrational frequency of the hydrogen atom leads to a more energetic distribution of hot charge carriers than is the case of deuterium. In the first experiments using Schottky diodes chopped beams of hydrogen and deuterium atoms from plasma sources were used to test the effect of the higher nuclear mass. 5 Even though considerably more current was observed when hydrogen was used as the reactive species the results remained somewhat doubtful. At the time this was due to an insufficient knowledge of the influence of the gases on the diode parameters. Second, there were concerns on whether the flux was measured correctly for both species. For the present study the change in diode properties under the exposition of hydrogen was therefore carefully looked at. Later chemicurrents are presented that are measured directly using beams without modulation. A new source for the hydrogen atoms that allowed better control of the deuterium beam also was used. a͒ Electronic mail: hermann.nienhaus@uni-due.de
II. EXPERIMENTAL SETUP
The H-terminated Si surfaces were prepared by wet chemical etching in hydrofluoric acid. The wafer pieces were cut from p-type material with resistivities of 1 -10 ⍀ cm. They were cleaned in an ultrasonic bath of first isopropanol and a subsequent rinsing in ultraclean water. The wafers were then etched for 1 min in the acid. This procedure led to stable and clean H:Si͑111͒-1 ϫ 1 surfaces as verified by lowenergy electron diffraction and Auger electron spectroscopy.
Through a load-lock system the samples were quickly transferred into UHV. They were then mounted to a LN 2 cryostat which allowed us to cool down the substrate to about 100 K. Ag was evaporated from a Knudsen cell and deposited at a rate of 4 ML/ min while the sample temperature was held at 100 K. After the deposition the samples were annealed to room temperature, which leads to reduced leakage currents and increased electrical and structural quality of the diodes.
1, [8] [9] [10] [11] The size of the diodes could be controlled through a shadow mask which restricted the film to a window of 8 ϫ 9 mm 2 . Electrical contacting was done by softly landing a gold ball onto the silver film, which leads to stable and reproducible contacts of the diodes. The back sides of the samples are ion implanted to give an Ohmic back contact. Currentvoltage curves ͑I-V curves͒ at temperatures ranging from 100 K to room temperature were taken to characterize the samples electrically.
After depositing the films the samples were placed in front of a hot capillary source for hydrogen atoms. 12 To reduce the photocurrent caused by the bright light emitted by the hot nozzle a pair of Teflon light blocks was introduced between the source and the sample. The light blocks are made of carbon implanted Teflon. The two parts of the block have kinked passages which hold back the light but allow the hydrogen to easily flow through the block. The hydrogen flux can be switched on by opening a valve that is connected to the inlet of the hydrogen source. The flux is controlled by the pressure in a reservoir. The transfer efficiency of the blocks is not known but we assume that it is the same for both hydrogen and deuterium. We will therefore give the total flux at the source nozzle as a measure of the flux onto the sample surface. The latter is approximately smaller by a factor of 1000.
III. RESULTS AND DISCUSSION

A. Transport properties
Thin film Ag on H:Si͑111͒-1 ϫ 1 Schottky diodes have been subject to extensive studies. 3, 11, 13 In order to analyze the chemicurrent results described later the homogeneous barrier height needs to be determined since chemicurrents depend on the homogeneous Schottky barrier rather than the effective barrier.
14 A number of I-V traces at different temperatures in the range from 100 K to room temperature were recorded for different diodes. The single traces were fitted to the theoretical curve given by the recursive formula
where I is the current, A the diode's lateral area, A * the effective Richardson constant for p-Si͑111͒, 15 n the ideality factor, R the series resistance, and kT the temperature times Boltzmann's constant. The homogeneous barrier is determined through an extrapolation scheme through plotting ⌽ S,eff against n. 16, 17 For our samples we found a homogeneous barrier height ⌽ S = 0.46 eV for Ag/ H : p-Si͑111͒ diodes which is significantly higher than was reported earlier. 17, 18 This could be due to the comparatively low substrate temperature during the film growth. As a consequence residual hydrogen from the passivation might build an intermediate interface layer which leads to an increased barrier on p-type substrates and a barrier lowering on n-Si. 19 A thorough investigation must be postponed to a later report. For large area contacts large ideality factors and low effective barrier heights can be readily explained through low barrier patches. 20 Figure 2 shows two sample I-V characteristics of a 6 nm Ag/p-Si diode before and after an exposure to atomic hydrogen with a total exposure of about 50ϫ 10 12 atoms on the surface. The exposure was carried out at a sample temperature of 105 K. The current in backward direction is due to residual light emitted from the capillary. For this reason the zero point on the voltage axis is shifted to the right. Equation ͑2͒ was applied to a voltage range between 0.2 and 0.35 V. The dashed line indicates the fitted curve before, while the solid line the fit after the exposure. For these two curves we found ⌽ S,eff to slightly increase from ⌽ S,eff,initial = 0.418 eV by only ⌬⌽ S,eff = 0.005 eV, while the other two parameters remained at their initial values of n = 1.185 and R =60 ⍀.
Although the influence on the characteristic electronic parameters of the diodes is small, it becomes obvious when monitoring the current at a constant bias voltage. During the times where no data are displayed the I-V curves of Fig. 2 were measured. When the hydrogen flux was started at t = 0 s the increasing barrier height led to a decrease in forward current. The device then remains in a stable state as long as the temperature is held low.
We attribute the increase in barrier height to the adsorption of small amounts of atomic hydrogen at the interface between film and substrate, or at rims of islands. This introduces interface dipoles which locally increase the barrier on p-type Si substrates by 0.35 eV per monolayer of adsorbed hydrogen. 21 On n-Si͑111͒ we see a decrease in barrier height which supports our conclusion.
B. Chemicurrent detection
To detect the chemicurrents the current generated by the device was monitored at zero bias. Figure 4 shows the current as measured while exposing a sample with 16 nm Ag film to atomic deuterium first, then to hydrogen. This was done for four times each. Each time a different flux was chosen as indicated by circles. A steady background current was seen which is due to residual light coming from the hydrogen source. On top of the photocurrent we observe distinct current peaks during the exposure time. Differing from the changes in current that we observed due to the change in the I-V parameters, these are not permanent although the sample was held at the same temperature of 105 K. The additional chemicurrent can be explained by hot holes generated during the hydrogen adsorption process. We observed that the order of exposure, deuterium first or hydrogen first, did not alter our results.
A chemicurrent versus flux plot in Fig. 5 shows the data extracted from a graph similar to Fig. 4 for a 24 nm Ag/pSi͑111͒ diode. A much steeper slope for regular hydrogen than for deuterium can be seen. The chemicurrent efficiency ␣ for each isotope is easily identified as the slope of a chemicurrent against flux plot. As the total flux on the surface was kept small kinetic effects of an increasing coverage can be ignored, which is justified by the linear dependency between flux and the observed chemicurrent. The isotope effect can be quantified by comparing the chemicurrent efficiencies of both deuterium and hydrogen. This was done in Fig. 6 for a number of diodes with different film thicknesses. Notice the different scale of the axes. The most probable ratio tan͑␥͒ = ␣ H / ␣ D was determined by least squares fitting, e.g., ͚ i ͑␣ H,i / ␣ D,i − tan͑␥͒͒ 2 , where ␣ H/D,i are the measured efficiencies for each diode. Best agreement with the data was found for a value of ␣ H / ␣ D = 3.7. Hydrogen is more effective in generating chemicurrents than deuterium.
We assume a Boltzmann-like distribution D͑E͒ ϳ exp͑−E / ͑kT eff ͒͒ for the additional hot holes generated, which is justified by a theoretical model 22 and ab initio calculations. 23 The choice of the model transport function T͑E͒ influences the parameter T eff extracted from the data.
a.
Step function. If for now the transfer function T͑E͒ is simply assumed to be a step function from zero to some constant value, it can be shown that 23 
ln
␣
The formula enables us to determine the effective temperature T eff of the carrier distribution right after the excitation. With the data from our samples ⌽ S = 0.46 we find T eff = 1680 K. b. Quantum mechanical scattering. Figure 7 shows the result interpreted in terms of the framework described by Eq. ͑1͒ explicitly taking into account the energy dependent transfer over the barrier. As the experimental results show the ratio between the chemicurrent efficiencies is not dependent on the thickness of the Ag film. We can therefore assume dA / dE = 0 in the energy interval of interest which makes A = const. We chose A = 1 and will drop the thickness dependence in further calculations. The left hand side of the figure shows the excitation distribution D͑E͒ for the two isotopes was chosen to include quantum mechanical reflection at the potential step of the barrier. 1, 24, 25 The effective mass of the holes in the metal m M was taken to be the free electron mass m 0 , the hole mass in the semiconductor m S = 0.31m 0 , and the Fermi energy E F = 5.5 eV. In contrast to the value of T eff,H obtained above we then arrive at a slightly higher value of T eff,H = 1927 K.
IV. SUMMARY
This study showed that the change in the I-V characteristic during hydrogen adsorption can be distinguished from chemicurrents that are caused by the creation of electronhole pairs. A strong isotope effect for the pair hydrogen/ deuterium could be shown. Small changes of the diode parameters could be detected which do not affect the chemicurrent measurements. Additionally, no sign of a dependence of the thickness on the ratio of the respective chemicurrent efficiencies could be found. It was shown that better knowledge of the transportation process in the device is necessary.
